The operation and longevity of hydropower dams are often negatively impacted by sedimentation. Forest conservation can reduce soil erosion, and therefore efforts to maintain upstream forest cover within a watershed contribute to the economic life span of a hydropower facility. The cost of forest conservation can be viewed as an investment in hydropower and be financed via a payment for ecosystem services (PES) scheme. A novel modelling framework is used to estimate payments for forest conservation consisting of: (1) land-use change projection; (2) watershed erosion modelling; (3) reservoir sedimentation estimation; (4) power generation loss calculation; and (5) PES scheme design. The framework was applied to a proposed dam in Cambodia (Pursat 1). The estimated net present value of forest conservation was US$ 4.7 million when using average annual climate values over 100 years, or US$ 6.4 million when considering droughts every eight years. This can be remunerated with annual payments of US$ 4.26 ha −1 or US$ 5.78 ha −1 , respectively, covering forest protection costs estimated at US$ 0.9 ha −1 yr −1 . The application of this type of PES represents a rational option that allows for conservation and development of hydropower watersheds susceptible to erosion and sedimentation.
INTRODUCTION
Hydropower dams generate 19% of the world's electricity (WCD [World Commission on Dams] 2000) and play an important role in avoiding global warming resulting from fossil fuels consumption. Nearly 200 gigawatts (GW) of new hydropower capacity were under development around the * Correspondence: Thomas A. Cochrane Tel: +64 3 364 2378 Fax: +64 3 364 2758 e-mail: tom.cochrane@canterbury.ac.nz world in 2009 (IHA [International Hydropower Association] 2010); this compares to a total existing hydropower capacity of 860 GW. Most of the present hydropower development is taking place in developing countries and emerging economies, where governments aim to: (1) improve access to electricity, especially for poor and rural communities; (2) develop domestic sources of renewable energy; (3) generate revenues in regional energy markets; and (4) lower electricity fees, in order to stimulate economic growth (King et al. 2007) . Given these motivations, for many nations, hydropower development will continue to be an attractive contribution to meeting their growing energy demands. However, if dams are going to be built, they should be long-lasting and operated sustainably, in order to maximize benefits to society and minimize environmental and social impacts to local communities.
The operation and useful lifetime of dams can be seriously affected by excessive sediment accumulation. Globally, over 100 billion tonnes of sediment were trapped in reservoirs constructed in the past 50 years (Syvitski et al. 2005) . Excessive sedimentation and sediment trapping is problematic from the perspective of dam operation and energy production, and impacts on hydroecological processes, such as providing nutrients for fish species and rebuilding deltas downstream. At the individual dam scale, the WCD found that 10% of studied projects lost 50% of their active storage as a result of sedimentation (WCD 2000) . Sediment trapping also leads to a number of serious impacts downstream of dams, including impaired navigation, limited delivery of nutrients and increased inundation and channel erosion (Shields et al. 2002; Fu et al. 2008; Kummu et al. 2010) .
Although large sediment yields can occur naturally and are sometimes accounted for in reservoir design, unforeseen high rates of erosion in the watershed can significantly reduce the profitability of hydropower facilities and cause disruptions in national energy systems. In some extreme cases, deforestation with resulting sediment delivery to reservoirs has reduced the projected useful lifespan of the facilities by as much as 50% (Hajramurni 2010) . Destruction of forest cover, whether from intensive timber harvesting, agricultural conversion or mining, can significantly increase sediment yields. Moreover, the construction of a dam is often accompanied by investments in transportation infrastructure, especially in remote regions characterized by high forest cover and rudimentary road networks; in these instances, the probability of the conversion of land for agricultural development is significantly increased following the construction of the hydropower facility (Killeen 2007) . This type of negative synergy is common in many developing nations, where hydropower development is a priority and where deforestation is an ongoing or expanding phenomenon (Bruijnzeel 2004; Syvitski et al. 2005) .
One way to promote a positive synergy between conservation goals and hydropower is to value the ecosystem services from forested watersheds where dams are planned or operating. The Millennium Ecosystem Assessment (MA 2005) has recognized the following major categories of relevant ecosystem services: (1) provisioning services (products obtained from ecosystems), (2) regulating services (benefits obtained by ecosystem processes), (3) cultural services (non material benefits obtained from ecosystems), and (4) supporting services (services necessary for the production of all other ecosystem services). Among this range of services, those related to ecosystems' roles in water regulation have a relatively high economic value (Emerton 2005) . Some of these services include fluvial transport, flood attenuation, water supply, erosion control, nutrient cycling and food production (Constanza et al. 1997; Emerton 2005) . Numerous studies have estimated the value of ecosystems providing water-related services, including storm protection by coastal wetlands (Badola & Hussain 2005; Costanza et al. 2008) , agricultural and fisheries productivity from floodplain wetlands (Emerton 2005) and waste treatment by freshwater wetlands (Ton et al. 1998) .
Although procedures to evaluate and quantify ecosystem services vary, Emerton (2005) has identified six general steps to be followed when valuing ecosystems services related to water: (1) identifying and defining the economic benefit of the ecosystem; (2) quantifying the actual value of the ecosystem service; (3) modelling ecosystem changes as a response to management changes; (4) determining the effect of these change on the value of the service provided; (5) expressing changes in ecosystem value as a response to management; and (6) identifying economic and financial measures to ensure proper ecosystem management.
Water-related ecosystem services from forested watersheds around the world have been evaluated as part of the Natural Capital Project (see URL http://www.naturalcapitalproject. org). The project team developed a toolbox, called InVEST, which helps map and model different ecosystem services. Hydropower production is modelled as a function of landscape water yield and water depth in the reservoir. Reservoir sediment accumulation is addressed by calculating the costs associated with removal of sediment from the reservoir, but not directly associated with loss in power generation related to reductions in reservoir volume (Tallis et al. 2010) .
A number of studies have estimated the value of protecting forested watersheds in developing countries. The value of tropical forest ecosystems is US$ 15-850 ha −1 yr −1 from benefits such as soil loss prevention, water for irrigation, flood protection, drought mitigation and forestry (Pearce 2001) . However, the benefits from hydropower generation documented by Pearce (2001) consisted only of a single evaluation of the benefits and costs of total protection versus reduced logging of a watershed in Peninsular Malaysia, originally reported by Mohd Shahwahid et al. (1997) . Services and goods from both timber and water were important, and may have had a range of other benefits, but, in Pearce's (2001) study, the value of the timber produced outweighed that of forest protection for hydropower production; Pearce's study cannot be extrapolated to other forested watersheds because of the unique configuration of both the dam and water supply system (Mohd Shahwahid et al. 1997) .
In Costa Rica, a payment for ecosystem services (PES) agreement was successfully negotiated between a 6 megawatt (MW) private hydropower operator and the upper watershed's landowner (Rojas & Aylward 2002) . A baseline payment of US$ 10 ha −1 yr −1 , adjusted annually in response to inflation and energy demand, was established based on Costa Rica's national PES policy. The hydropower facility's annual operation and management costs increased by 21% to pay the landowner for activities promoting the protection of an additional 22 000 ha of upland watershed, in addition to the 3000 ha immediately surrounding the hydropower dam. The hydropower company negotiated this agreement voluntarily as they recognized the benefits of avoided sedimentation and other ecosystem services provided by the watershed. Cruz et al. (1988) presented a practical methodology for evaluating the economic impact of watershed erosion on an agricultural water storage reservoir and a hydropower reservoir in the Philippines. They quantified three different costs associated with the impact of soil erosion on downstream reservoirs : (1) shortening of service life; (2) reduction of storage capacity; and (3) increasing costs of construction if high sedimentation levels are foreseen prior to construction. The definition of these costs was ambiguous, however, because all three were related to the same physical process of storage loss from sediment accumulation (in particular for costs 1 and 2). Despite being mutually dependent, these costs were estimated separately, without the use of numerical models to estimate soil erosion and reservoir sedimentation.
Sediment yield as a function of vegetation cover change has been estimated for various watershed geological and climate conditions. In published reports from South-east (SE) Asia, yields range from as low as 0.25 t ha −1 yr −1 to as high as 35-40 t ha −1 yr −1 in tectonically active areas prone to hill slope failure (Bruijnzeel 2004) . Sediment yields increase exponentially as forest cover is cleared with maximum reported values approaching 100 t ha −1 yr −1 in large watersheds with mixed land use (Bruijnzeel 2004) . Transformation to agricultural land and increased soil erosion under conventional tillage agricultural practices leads to high rates of sedimentation in downstream reservoirs. For example, in the Dominican Republic and China as much as 20-60% of sediments accumulated in reservoirs originated from farmed soils (Lamb & Gilmour 2000; Nagle 2002) .
Soil erosion and sediment yield for a given watershed can be estimated via direct measurements or numerical modelling. Direct measurements typically involve monitoring of water flows, sediment concentrations, and turbidity to create rating curves of sediment load and water flows (Cochrane et al. 2004) or by tracing radioactive isotopes observed in the eroded soils and reservoir sediments (Lu & Higgitt 2001; Nagle 2002; Sadiki et al. 2007; Zheng et al. 2007) . Numerical models that predict or estimate soil erosion, such as the universal soil loss equation (USLE) and its revised version (RUSLE) are widely used when data from direct measurements are lacking, or to estimate the potential for soil erosion to produce sediments in a given watershed (Renard et al. 1994) .
Sediment trapping efficiency can be estimated by two methods: (1) measuring the difference between sediment input and output of the reservoir (or pre and post dam construction), or (2) calculating the nominal residence time of reservoirs, which is the ratio between storage capacity and flow rate into the reservoir. The first technique was used to estimate sediment trapping in the Upper Mekong (Lancang) River in Yunnan Province, China (Fu et al. 2008) , where a mean amount of 26.9-28.5 million t yr −1 of sediment retention was computed, which is equivalent to total storage loss of 1.88-1.99% yr −1 and a mean annual trapping efficiency of 60.5%. The second methodology estimated a sediment trapping efficiency of 68% for the same reservoir, and estimated that the overall trapping efficiencies for five dams in the Lancang River were 61-92% (Kummu & Varis 2007) . Considering the simplicity of the second method, using the nominal residence time is a cost-effective method of providing general estimates of trapping efficiencies in the absence of sediment yield measurements.
The above suggests that (1) sedimentation is a critical issue for the operation and longevity of hydropower dams;
(2) forest conservation in a watershed can significantly prevent excessive sediment yields to downstream dams; and (3) erosion control is an ecosystem service provided by forested watersheds and it offers value to downstream hydropower generation. Hence, a regulatory or market-based system that monetizes the value from ecosystem services could generate revenues to finance upstream forest conservation and management. A standardized methodological tool that allows land managers and dam operators to evaluate the potential economic benefits from forest conservation in the context of reservoir sedimentation and the useful lifespan of a hydropower facility is thus needed.
Such a tool is necessary for countries like Cambodia, which is at a critical stage in its development trajectory; the Cambodian government must make several decisions over the next few years as to the development path it will pursue. Electricity tariffs almost twice those in neighbouring countries have limited the expansion of Cambodia's textile industry. The need for domestic supplies of affordable energy have prompted the Cambodian government to develop its hydropower options; the Cardamom Mountains have been singled out for priority investments and 10 facilities are under development, with another 10 dams proposed or under evaluation. All of these hydropower facilities will depend on the water resources of the Central Cardamom Protected Forest Mountains and the Phnom Sankos Wildlife Reserve, or nearby areas that are currently part of the forest estate. These strategically important watersheds can provide up to 50% of the nation's electrical power needs by the year 2050 and may play an important role in helping this impoverished nation overcome its historical legacy of civil conflict and reduce poverty.
Hydropower and the potential costs and benefits of dams and reservoirs are an important controversial policy topic throughout SE Asia because of the ongoing plans to develop the hydrological resources of the Mekong River (Keskinen 2008) . Many of the hydropower dams in the Mekong basin are highly controversial, because they threaten the long-term aquatic productivity of the Mekong and Tonle Sap Lake (Kummu & Sarkkula 2008) . The Pursat River, for example, is of greater importance because it is a tributary of the Tonle Sap and Mekong River, but most of the proposed developments in the Cardamom Mountains are located on small rivers that drain directly into the Gulf of Thailand. All hydropower facilities have both positive and negative impacts, and the decision to pursue their development should be based on objective evaluation of those impacts, made in consultation with stakeholder groups that will be affected by their development, especially the people who reside in the areas under development.
We applied a novel modelling framework to the proposed dam on the Pursat River in Cambodia (Pursat 1) to estimate the economic value of forest conservation and sustainable forest management; the consequent reduction in sediment yields into the reservoir will benefit hydropower production. The modelling framework 'FOR-POWER' simulates contrasting levels of power generation in order to calculate the impact of a truncated lifespan on hydropower revenues. Calculated values are then used to establish a baseline for a PES scheme that would pay for forest conservation in the upstream part of the watershed that supplies water to the hydropower facility. We show how future lost revenues from a prematurely exhausted facility can be avoided by investing a small amount of money in watershed management, investment that is less than the net present value of future revenues.
METHODS
The FOR-POWER framework was applied to the proposed Pursat 1 hydropower project in Cambodia (Fig. 1) , which is of high strategic significance in terms of forest conservation and hydropower development in the region. The Pursat 1 watershed area is over 111 000 ha, with 84.9% forest cover, 2.7% agricultural land and 12.4% taken up by the proposed reservoir. The Pursat River originates in the Cardamom Mountains and drains into the Tonle Sap Lake and River system, which is a tributary of the Mekong River. The proposed hydropower facility would be managed as a concession under a 'build, operate and transfer model' (BOT) where an investor assumes responsibility to design the facility, obtains financing, oversees its construction and operates it to recover the investment and to make a profit. At the end of the BOT concessionaire period, which in Cambodia is 30 years, the facility is returned to the state.
The components of FOR-POWER include: (1) landuse change projection; (2) watershed erosion modelling;
(3) reservoir sedimentation estimation; (4) power value loss calculation; and (5) PES scheme design (Fig. 2 ).
Land-use change projection
In order to demonstrate how a forest conservation and sustainable management programme reduces sediment yields, it was necessary to model expected land-use change under different future scenarios in the watershed. Two potential future scenarios were considered in the modelling framework:
(1) a baseline forest management scenario where the current forest cover of the watershed is preserved (with deforestation <0.01% yr −1 ) and (2) a scenario where the watershed is deforested at or above historical rates, as defined by the user.
Watershed erosion modelling
This component of the modelling framework simulated changes in watershed soil erosion and sediment yield under the two scenarios using the geographical information system (GIS) based soil and water assessment tool (ArcSWAT), which predicts the impact of land management on water, sediment and chemical yields (Winchell et al. 2010) . ArcSWAT employs a modified version of USLE to estimate sediment yield at specific hydrologic response units, namely sub-watershed combinations of land-use, soil type and terrain slope class. Sediment yields were then routed through the river channel network downstream to the watershed outlet (the reservoir) via a combination of hydraulic and sediment transport routines. The data required to simulate watershed sediment yield included a digital elevation model (DEM), land coverage, soils map and climatic data.
Reservoir sedimentation estimation
Once we had estimated an annual sediment yield from the watershed, the next step was to model how much of the sediment was going to be trapped in the reservoir, by estimating the long-term mean trapping efficiency as a function of the ratio between storage capacity and flow rate into the reservoir (Brune 1953) :
where T i is nominal residence time of the reservoir in year i, V i is the active storage (also known as the reservoir volume between the full and low supply levels) and Q i is the dam design flow discharge. The sediment trapping efficiency at year i can then be expressed as:
where TE i is trapping efficiency, and α is an empirical constant that represents sediment particle distribution and aggregation, where α = 1 represents a medium sediment distribution that is neither highly flocculated nor colloidal in nature. This trapping efficiency method has been used extensively around the world (Kummu & Varis 2007; Kummu et al. 2010) . It can be inferred from Eqs (1) and (2) that the volume of the reservoir would decrease as sediments accumulate, reducing T i and TE i ; hence, we assumed that sediments first fill up dead storage area (reservoir storage below the level of low supply) without affecting the residence time calculation (Eq. 1). However, once the dead storage is saturated, the active storage V in year i would be affected, such that:
where SED i is the volume of sediment settled in the reservoir in year i. SED is found from the annual sediment yield Y derived from the watershed erosion model in combination with the trapping efficiency TE, and the bulk density of the sediment ρ:
Power value loss calculation
The value of forest conservation to power generation was estimated as the difference in hydropower revenue under the two watershed management scenarios. This component of the model required basic information related to the electricity generation of the proposed dam. The expected annual revenue of the hydropower facility was calculated from the electricity tariffs in the regional or national market and the estimated mean annual energy generation under each of the two scenarios:
where REV is the dam's annual revenue when operating at full capacity; ELEC is the electricity selling price in US$ per kilowatt-hour (US$ kWh −1 ); and GENER is the annual energy generation in kWh when the reservoir is at maximum capacity. We assumed that ELEC was constant over time in real terms. To estimate the annual loss in electricity selling revenues due to loss in reservoir storage, REV was multiplied by the difference in storage remaining between the two scenarios:
where VALUE i is the difference in revenues for individual years, which is essentially equivalent to the annual value of forest conservation to hydropower generation. The assumption embedded in Eq. (6) is that the revenue from a hydropower dam is proportional to its active storage capacity. This assumption simplified the calculations and allowed a more general demonstration of the concept presented in this paper.
In order to evaluate the opportunity cost of future revenues, the present value of lost energy production was estimated:
where PV is the present value, disc is the annual discount rate, and b is the baseline year when the analysis begins. The net present value for the lifetime of the dam was then estimated by summing up all individual present values:
where NPV is the net present value of lost power generation, and thus a surrogate for the estimated value of forest conservation. This ecosystem service valuation should reflect the original expected lifetime of the dam as projected by the baseline rate of sedimentation before land-use change, which was assumed to be 100 years in this example.
PES scheme design
Once the value of the ecosystem service to future power generation was quantified, it was used to estimate the financial resources the operator of the hydropower facility should be willing to contribute towards forest conservation and management. One simple option was for the total value of the ecosystem service to be paid by equal annual instalments for the lifespan of the reservoir:
where PES ANNUAL is the annual payment made by the dam operator or the government during the lifespan of the dam, and a x is the mean annual value of those services paid as an annuity of 1 unit per year, payable for an agreed number of years (x) with payments being made at the end of each year. The operator or regulatory authority would probably choose to pass the cost of watershed management to the electricity customer and, in that case, the equivalent payment, expressed as a cost charged per unit of electricity sold ( fee , in US$ kWh −1 ), is: fee = PES ANNUAL GENER (10)
Input data and application to Pursat 1
The FOR-POWER framework was applied to the proposed Pursat 1 hydropower watershed using information from national and regional databases (Table 1 and Appendix 1, see supplementary material at Journals.cambridge.org/enc). Soils coverage and weather information were obtained from the Atlas of Cambodia (Aruna Technology 2006), while the river network, DEM, and rainfall data were obtained from the Mekong River Commission (MRC 2009a, b) . A mean annual deforestation rate of 0.5%, was obtained by comparing forest-cover maps produced by the Cambodian Forest Administration from Landsat images for the years 2002 and 2006, which is also the median of the range of values (0.3-0.8) published for SE Asia (Leimgruber et al. 2005; Mayaux et al. 2005; Rowcroft 2008) . The watershed erosion model was developed in ArcSWAT using the soils, weather, precipitation and DEM datasets in order to simulate sediment yields under baseline conditions and as might occur on a deforested landscape, which was projected over time in a GIS by using progressive deforestation buffers around existing agricultural settlements identified on the 2006 land cover map. A fixed electricity rate of US$ 0.20 kWh 1 , which represents the current Cambodian electricity rate, was used to calculate the potential future revenues for the two contrasting scenarios. Future revenue loss was modified based on an annual discount rate of 10%.
Two different scenarios of the Pursat 1 dam watershed were simulated: (1) a scenario where forest conservation and management take place in the watershed, preserving the baseline 2006 land-cover throughout the simulation (forest conservation); and (2) a counter factual scenario where there is a constant deforestation rate of 0.5% yr −1 (deforestation). In addition, the FOR-POWER model was run using two climate simulation options. For the first option, average annual climate values were extrapolated for 100 years. For the second option, we assumed that droughts occurred every eight years, decreasing hydropower production by 10% and 20% under forest conservation and deforestation, respectively. This second option is justified by the fact that droughts in SE Asia occur approximately every eight years as part of the well documented ENSO phenomenon and, during this time, it is crucial to maintain appropriate hydropower capacity and production. This simulation option demonstrates how critical the value of forest conservation and management is when accounting for cyclical drought conditions that affect reservoir management. All simulations were conducted for a period of 100 years, which corresponds to the expected lifetime of the dam. A sensitivity analysis of key FOR-POWER parameters was also conducted to show how the model results might vary depending upon data availability or quality.
RESULTS

Forest cover change and watershed soil erosion
Future deforested land was estimated to cover 15%, 24% and 42% of the Pursat watershed area after 20, 30, and 50 years, respectively (Fig. 3) . Under the baseline scenario with the 2006 land-cover map, we estimated a mean sediment yield of 32 t ha −1 yr −1 or 3.6 million t yr −1 for the total watershed using the SWAT model. When this estimate was compared to sediment yields for simulations of future land covers, annual sediment yields increased exponentially as a response to constant deforestation (Fig. 4) .
Reservoir sediment trapping
Based on the proposed reservoir discharge (99.2 m 3 s −1 ) and active volume (0.69 km 3 ), the sediment trapping efficiency of the reservoir was 99.4%. Under the deforestation scenario, initial reservoir volume decreased by 50% after 80 years and by 69% after 100 years. In contrast, in the forest conservation scenario, the reservoir lost only 40% of its active volume after 100 years.
Value of lost revenue from hydropower generation
With an estimated annual energy generation (GENER) of 443 GWh and assuming electricity tariffs of US$ 0.20 kWh −1 , the annual expected revenue of the dam (REV) would be US$ 88.6 million. This was used to estimate the annual value of lost hydropower revenue (VALUE i ) and its annual present value (PV i ) with a discount rate of 10% (Fig. 5a, b) . When the area under the curve of the annual present values of hydropower loss revenue (Fig. 5b) is integrated, the total sum is US$ 4.7 million (or US$ 42.15 ha −1 of watershed area), which is the NPV of forest conservation in minimizing hydropower lost revenue.
The model results show that the present value of forest conservation increases substantially during drought years (Fig. 5c ). The added value during drought years results in a total NPV of US$ 6.4 million for the dam lifespan, which is nearly 36% higher than the NPV of US$ 4.7 million without climatic variability
PES scheme design
Based on the modelled value of forest conservation to hydropower production, results from three PES alternatives are proposed: PES ANNUAL , fee , and a combined approach (Table 2) . When droughts are ignored equal annual payments of US$ 475 000 (PES ANNUAL ) would be required during the entire 100 years of operation. fee was proposed as an option to complete the appropriate PES by transferring costs directly to consumers; an additional US$ 0.0011 is paid for every kWh charged, or an overall increase of 0.5% on the electricity fees. In the combined approach to divide payments between the private operator and government, the private operator would charge an additional electricity fee ( fee ) of US$ 0.0006 kWh −1 representing a 0.3% increase to public electricity tariffs for the first 30 years, while the government would pay a PES ANNUAL of US$ 219 000 for the entire 100 years.
FOR-POWER framework sensitivity analysis
Simulations were carried out under different combinations of key parameters and their impact on NPV was analysed (Table 3) . Rainfall is a key input for watershed erosion simulations in SWAT and changes up to 15% in the total annual rainfall can lead to variations of 40% in NPV. Much of the difference in the total rainfall between the two years of data used resulted from individual large storm events, which carried large loads of sediment from deforested areas. Increasing the reservoir trapping efficiency increases NPV (Eq. 6), which shows that VALUE is proportional to the difference in reservoir storage between the two management scenarios. Mean annual sediment trapping efficiency is expected to vary from the original value used (99%) by no more than 3%, given the expected dimensions of the Pursat 1 reservoir (as estimated using the method developed by Brune 1953) ; hence, variations in the reservoir trapping efficiency would have only a minor impact on model output. The frequency of droughts had a considerable effect on the present value of forest management (Table 2 and Fig. 5c ), and this should be considered when calculating PES from hydropower generation. Changes in electricity fees have a directly proportional impact on NPV; in other words, a 50% change in the electricity fees resulted in a 50% change in NPV. The last parameter tested was the discount rate, which has a considerable effect on depreciating NPV in the long term, as shown by the sensitivity analysis.
DISCUSSION
Erosion and sedimentation modelling using the FOR-POWER framework produced results that were within the expected values for rainfall, soil, cover and topography conditions of the Pursat 1 watershed within the Cardamom Mountains. The sediment yield modelled for the 2006 baseline year was within the high range of reported values for landscapes with intact forest (Bruijnzeel 2004) and is typical of areas characterized by intense rainfall events typical of monsoonal climates and areas with highly erodible soils in mountainous areas. Although the predicted sedimentation value for the Pursat reservoir seems high, it is comparable to published values calculated for a number of reservoirs in the Mekong region (Kummu & Varis 2007; Kummu et al. 2010) . These results provided a realistic baseline for valuing the lost revenues from power generation caused by sedimentation; these results can be used to establish the viability of a PES scheme.
While the annual value of lost revenues from power generation increases over time, the PV of these revenues first increases, peaks in year 21 and subsequently decreases due to discounting (Fig. 5b) . This occurrence has different implications depending on the dam management scheme. Under the BOT model assumed in this paper, the private operator (in charge of the dam for the first 30 years) would be the primary beneficiary of a PES scheme, since a larger portion of the impact from forest conservation in terms of NPV would be gained during the time of concession (US$ 2.5 million versus 2.2 million). Once the dam is transferred to the government after 30 years, the PV of the PES payment starts to depreciate considerably and therefore an amount of US$ 475 000 would be worth very little in the later years of operation. It is suggested that PES ANNUAL are placed in an endowment fund since the start of dam operation to ensure that sufficient funds exist in the later years of dam operation for forest conservation.
The equal annual payments estimated in the case study for either climate input option (US$ 4.26 ha −1 yr −1 or US$ 5.78 ha −1 yr −1 ) were considerably lower than the baseline value of US$ 10 ha −1 yr −1 used by Rojas and Aylward (2001) and the US$ 12 ha −1 yr −1 suggested by Mohd Shahwahid et al. (1997) . This discrepancy is mainly a result of a large et al.' s 1997 study as opposed to 111 000 ha in our study area), a factor that always needs to be considered when comparing watershed protection values (Pearce 2001) . The protection of watersheds also results in other ecosystem service benefits that are being provided through conservation, and as such, the benefits of watershed conservation go well beyond sustainable hydroelectricity production. Drought can significantly reduce hydropower capacity and production and it is important to account for this periodical phenomenon to more accurately quantify the impact of forest conservation to hydropower. In this paper, droughts were incorporated in one of the FOR-POWER simulations by assuming an occurrence frequency and an associated reduction in hydropower generation during drought years. This is a preliminary attempt to account for weather variability in FOR-POWER. More accurate estimates could be achieved by incorporating a numerical model that can estimate electricity production as a function of hydrology and reservoir characteristics (for example HEC-ResSim; Klipsch & Hurst 2007) .
Any proposed PES scheme would only work if the resulting payments were sufficient to manage the forest. The actual cost of forest management to prevent future increase in erosion has not been calculated, but it appears that this cost could be fully covered by the PES scheme proposed. Currently, the cost of protecting 460 000 ha of forest in the Cardamom Mountains is US$ 400 000 yr −1 (David Emmett, personal communication 2010), or US$ 0.9 ha −1 yr −1 , considerably less than the PES ANNUAL estimated. The cost of forest protection in the Cardamoms Mountains is low due to the relative inaccessibility of this protected area, but in more disturbed watersheds where this cost becomes higher, different management schemes can be implemented to allow mixed uses and take advantage of other services offered in areas not vulnerable to erosion. It will also be important to estimate the opportunity costs of protecting the upland watershed for Pursat, compensating adequately those who would need to no longer engage in activities degrading forests and soils. Development of watershed management plans are case specific and necessary to ensure effective application of PES schemes and appropriate financial coverage for forest management. Monitoring the results of conservation interventions for their effectiveness in reducing excessive soil erosion and sedimentation, must also take place and be incorporated into adaptive management of watersheds.
The sensitivity analysis demonstrated the importance of using a modelling approach to determine lost revenues to hydropower from sediment accumulation. The fact that the model results vary considerably as a response of input values implies that the value of hydropower lost revenues is largely determined by specific watershed and hydropower dam characteristics. Hence, the use of standard values or rules of thumb for a wide range of hydropower projects is too simplistic; the application of a modelling framework like FOR-POWER to individual projects can yield a much more reliable hydropower loss value that can be used to justify a PES scheme.
Furthermore, the direct relationship between changes in electricity fees and NPV highlights the important role of electricity fees in the analysis presented in this paper, since these tariffs are likely to change substantially with time and with country. To gain a better understanding of tariffs, it will be necessary to apply this framework to other forested watersheds, and in the context of a larger region where the construction of multiple dams would impact future electricity rates.
Current limitations and potential improvements of FOR-POWER
The FOR-POWER framework is a straightforward tool to assess the value of forest conservation in minimizing hydropower lost revenues. Nonetheless, there are several issues that may limit its implementation more broadly. In the general context of ecosystems services, issues that can impede this practice include the lack of understanding of the benefits provided by ecosystems, high cost of transactions, absence of property rights definition, and absence of common regulators (Mulder et al. 2006) . In the context of developing countries where hydropower dams are being built, good governance, social equality, willingness to pay and acceptance of principles behind the concept of ecosystem services become prerequisites to the establishment of this practice (George et al. 2009 ). Ensuring that these limitations are overcome is a challenge that both beneficiaries from the FOR-POWER framework, forest managers and hydropower operators must manage according to the current cultural and regulatory framework in each country (Greiber 2009 ).
The FOR-POWER framework requires data input from the actual beneficiaries, forested watershed managers and hydropower operators to ensure that the framework's concepts and results are understood in individual countries. Second, there needs to be a single computer interface in which practitioners can make use of this model. The case study presented was carried using two commercial interfaces, one for GIS management (ArcMap TM ) and one for spreadsheet computations (Microsoft Excel). While these two software packages are widely available, the use of a single interface would make the distribution and use of this model much simpler, especially if implemented as a web-based system. Another option would be to integrate this model to an existing ecosystem service valuation toolbox like InVEST, which quantifies benefit of forested watersheds to hydropower quite differently from FOR-POWER. Third, this framework needs to be extended to other forested watersheds around the world.
The case study of the Pursat 1 in Cambodia was presented in order to explain the framework; however, PES outcomes are only theoretical at this point. The next logical step is to develop an actual PES mechanism, refining the modelling framework, and working closely with this and other hydropower operators in the region. All of these improvements will ensure that the FOR-POWER framework becomes a well-used tool in those regions of the world where is urgently needed.
CONCLUSIONS
The new FOR-POWER framework was applied to a proposed Pursat 1 dam in Cambodia by modelling two contrasting scenarios (forest conservation and deforestation) and two input climate options, showing that forest conservation and management reduces sedimentation and provides an unrecognized and undervalued service for hydropower beneficiaries. The differences in the estimated value from the two scenarios (VALUE, PV and NPV) were used to quantify the magnitude of a proposed PES scheme for this dam. The net present value of hydropower loss due to sedimentation calculated using average yearly climatic values extrapolated over 100 years was estimated to be US$ 4.7 million compared to US$ 6.4 million when droughts are projected to occur every eight years. A PES scheme with payments of up to US$ 4.26 and US$ 5.78 ha −1 yr −1 respectively, would be justified from the operator's point of view, and would more than cover the required costs of forest conservation. The FOR-POWER framework can be applied to any current and proposed dam to determine if there is a potential for a viable synergy between conservation and development in which there is little to invest and much to be gained. It provides a tool for evaluating those cost and benefits, as well as the means for developing policies to maximize those benefits over decades via an integrated watershed management strategy.
